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I. 



APPEAL BRIEF 



REAL PARTY IN INTEREST 

The real party in interest of the present application is Enzo Therapeutics, Inc., 
which is a subsidiary of Enzo Biochem., Inc. (hereinafter "Enzo"). Enzo is the owner 
of the present application by way of an assignment from the inventors, Brakel et al., 
of all rights, title, and interest. 



II. RELATED APPEALS AND INTERFERENCES 

There are no appeals or interferences related to the present application. 



III. STATUS OF CLAIMS 

As noted in the response to the Notice to Comply, Appellants had previously 
indicated the status of the claims. However, in order to be completely responsive to 
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Remarks made by the Examiner in the Notice to Comply and in order to clarify the 
situation, the status of each of the claims are identified in the table below. 



Claim 


Status 


1 


Canceled 


2 


Canceled 


3 


Canceled 


4 


Canceled 


5 


Canceled 


6 


Canceled 


7 


Canceled 


8 


Canceled 


9 


Canceled 


10 


Canceled 


11 


Canceled 


12 


Canceled 


13 


Canceled 


14 


Canceled 


15 


Canceled 


16 


Canceled 


17 


Canceled 


18 


Canceled 


19 


Canceled 


20 


Allowed 


21 


Canceled 
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40 


Allowed 


41 




42 


Canceled 


43 


Canceled 


44 


Rejected 




On Appeal 
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Status 


45 




46 


Canceled 


47 






V-/CII lOCICJU 








On Anneal 


50 


Canceled 


51 


Canceled 


52 


Canceled 



As indicated in the table above, claims 44 and 49 are on appeal; no other claims are 
on appeal. The other pending claims, claims 20, 39 and 40 have been allowed. 



IV.STATUS OF AMENDMENTS 

As noted in the Response to the Notice to Comply, Appellants did indicate the 

Status of ALL Amendments submitted subsequent to the Final Rejection in the 

Appeal Brief submitted in December 2006. It is reproduced below. 

After the Final Office Action dated September 26, 2000, 
the following were submitted by Appellants: a first 
amendment under 37 C.F.R. §1.116 in response to the 
Office Action dated September 26, 2000 and a second 
amendment under 37 C.F.R. §1.116 was submitted with 
the Appeal Brief filed on July 19, 2004 and November 29, 
2004. Advisory actions were issued in response to these 
amendments. Neither of these amendments were 
entered. 

A third amendment under 37 C.F.R. §1.116 was 
submitted with the Appeal Brief filed on February 14, 
2006. An Advisory action was issued in response to this 
third amendment indicating that the amendment had been 
entered. 
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However, to to be completely responsive and provide a complete updated status 
report the status of all of the amendments submitted after the Final Rejection dated 
September 26, 2000 are provided in the table below 



Date Amendment 
Submitted 


Nature of Amendment 


Entered 


December 26, 2001 


Claims 1, 18, 19, 21, 37, 
41 and 51 were 
amended; claim 52 was 
ranrplpd 


No 


July 19, 2004 


Claims 1 , 21 , 40 and 50 
were amended 

Claims 53 and 54 were 
added 


No 


February 14, 2006 


Claims 1-19, 21-48, 41, 
51 and 52 were 
canceled 

Claim 39 was amended 


Yes 


December 8, 2006 


Claims 44 and 49 were 
canceled 


No 



V. SUMMARY OF INVENTION 

The present invention is directed to modified nucleotide compounds 
complementary to at least a portion of and effective to inhibit the function of an RNA 
of an organism when administered. These compounds are resistant to nucleases yet 
form an RNase H substrate when hybridized to a complementary RNA sequence. 
The invention is also directed to methods of inhibiting the function of RNA using said 
compounds and a method of identifying a nucleotide compound having a combination 
of nuclease resistance and ability to form an RNase H substrate when in complex 
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with an RNA. The next three pages show a table showing the support in the 
specification for each of the claims. 



Claim 


Claim Elements 


Support in the 

^nppif ipatinn 

OUCUI 1 llsdll Ul 1 


Modified 
nucleotide 
compound 
Claim 20 


contains at least one sequence 
having the formula MN 3 M ; 
N is a phosphodiester-linked 
unmodified 2'-deoxynucleoside 
moiety containing at least one 
guanine, adenine, cytosine or 
thymine moiety; 
M is a methylphosphonate- 
containing deoxynucleotide 


Page 8, lines 13-19 and 
original claim 20 ( page 
23, bottom 2 lines and 
page 24, line 3). 


Method of 

inhihitinn 
ii II iiuiLii iy 

function of an 
RNA wherein 
RNA is 

contacted with 
a compound 
Claim 39 


Modified nucleotide compound 
includes at least one seouence 
having the formula MN 3 M 
wherein N is a phosphodiester- 
linked unmodified 2- 
deoxynucleoside moiety 
containing at least one guanine, 
adenine, cytosine or thymine 
moiety and M is a 
methylphosphonate-containing 
deoxynucleoside 


Page 8, lines 17-26; 
original claim 39 (page 25, 
lines 7-12) 
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Claim 


Claim Elements 


Support in the Specification 


Method of 
identifying a 
nucleotide 
compound 
Claim 40 


Compound has a combination 
of nuclease resistance and the 
ability to form an RNase H 
substrate when in complex with 
an RNA. Method comprises: 

(i) preparing modified nucleotide 
compounds; 

(ii) selecting by exo-and 
endonuclease digestion those 
modified nucleotide compounds 
(i) which are nuclease-resistant 
as shown by being capable of 
forming and electrophoretically 
migrating as a duplex with a 
complementary nucleotide 
compound; and 

selecting by RNase H digestion 
nuclease-resistance nucleotide 
compounds of (ii) which act as 
substrates for RNase H when 
hybridized with a 
complementary RNA 


Paragraph bridging page 8 
and 9; original claim 40 
(page 26, lines 15-25) 
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Claim 




Claim Elements 


Support in the Specification 


Compound 
containing 
at least 2 
separate 
nuclease 
resistant 
components 
(claim 44 
and 49) 


44 


Confers RNase H 
sensitivity upon the RNA 
when complexed with a 
complementary RNA 


See example 4 (page 18, 
line 1 to bottom of page 19) 


49 


Portion of the compound 
that can function as an 
RNase H substrate is 
located between the 
moiety conferring 
exonuclease resistance 
and the moiety conferring 
endonuclease resistance 


See Examples, particularly 
(see Table 1 , page 1 1 and 
page 19, lines 28-33) 



VI. ISSUES 

There is one issue on appeal, whether claims 44 and 49 are unpatentable over 
35 U.S.C. §1 02(b) over Miller et al., 1985, Biochimie 67:769-776 (hereinafter "Miller et 
al., 1985"). 

VII. GROUPING OF CLAIMS 

Appellants submit that the claims on appeal, claims 44 and 49 stand and fall 
together. 

VIII. ARGUMENT 

The present invention is directed to novel modified nucleotide compounds that 
contain endo and exonuclease resistant components and can form RNase H substrates 
when complexed with a complementary RNA as well as a method for identifying such 
compounds. The invention is also directed to methods of using these compounds, 
specifically, inhibiting the function of an RNA and treating a human or animal so as to 
inhibit the function of a target RNA as well as methods for identifying such compounds. 
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As will be discussed in further detail below, the claimed subject matter is not 
anticipated by Miller et al., 1 985. Each of the currently remaining rejections are 
addressed below. 

The originally pending claims 1 , 2, 4, 8, 12-14, 19 and 42-50 were rejected under 
35 U.S.C. §1 02(b) as being anticipated by Miller et al., 1985. As noted above, claims 1- 
19, 21-38, 41-43, 45-48, and 50-52 have been canceled. 

Claim 44 recites that the claimed compound acts as an RNase H substrate when 
complexed with complementary RNA and that each nuclease resistant component 
comprises at least one moiety which confers endonuclease resistance and at least one 
moiety which confers exonuclease resistance and that 2 or more contiguous 
phosphodiester-linked 2' deoxynucleosides are located between the moiety conferring 
endonuclease resistance and the moiety conferring exonuclease resistance. 

Claim 49 contains the further limitation that the compound additionally contains a 
modified oligonucleotide or polynucleotide, which consists of at least one moiety which 
confers endonuclease resistance and at least one moiety which confers exonuclease 
reisstance. In contrast to the other rejected claims only claims 

Appellants further note that the cited Miller et al. reference is silent with respect to 
the RNase H sensitivity of the methylphosphonate sequences disclosed in Figure 3. 
However, it is most likely that these sequences are RNase H resistant. For example, 
Cazenave et al., 1989, Nucl. Acids Res. 17:4255-4273 (Tab 1 and cited in the instant 
application) discloses that a methyl phosphonate 1 7-mer "failed to induce the 
degradation of the target mRNA by the E. coli RNase H". Additionally, Furdon et al., 
1989, Nucl. Acids Res. 17:9193-9204 (Tab 2) discloses results from studies with a 14- 
mer oligonucleotide containing one to six methylphosphonate linkages. Results from 
the Furdon et al. studies indicated that "Susceptibility to cleavage by RNase H 
increased parallel to a reduction in the number of methylphosphonate residues in the 
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oligonucleotide" 1 . It is further noted in Furdon et al., 1989, Nucl. Acids Res. 17:9193- 
9204 2 

RNA hybridized to MP-oligos containing one or two 
methyl phosphonate deoxynucleosides was cleaved by 
RNase H almost a easily as that in the control duplex with D- 
oligo,,,,RNA in duplexes with MP-oligos which contained 
three, four and six methylphosphonate deoxynucleosides, 
i.e., in which methylphosphonate bonds were separated by 
three, two or one phosphodiester bond... was increasingly 
resistant to cleavage by the enzyme. 

Although it is Appellants position that claims 44 and 49 are not anticipated by 

Miller et al., Appellants in order to advance prosecution are concurrently submitting a 

Fourth Amendment under 37 C.F.R. §1.116 where claims 44 and 49 have been 



IX. CONCLUSION 

Claims 44 and 49 are patentable over Miller et al. Claims 44 and 49 specifically 
recite that the claimed compound when complexed with a complementary RNA confers 
RNase H sensitivity upon the RNA. However, in order to advance prosecution, claims 
44 and 49 have been canceled in the accompanying amendment under 37 CFR 1.116. 

If a telephone conversation would further the prosecution of the present 
application, Applicants' undersigned attorney request that he be contacted at the 
number provided below. 



canceled. 



Respectfully submitted, 





Attorney for Appellants 



1 See abstract in Furdon et al., 1989, Nucl. Acids Res. 17:9193-9204 

2 See Furdon et al. at page 9202 
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APPENDIX A-CLAIMS ON APPEAL 



What is Claimed Is: 

44 A compound containing at least 2 separate nuclease resistant components 
each consisting of 2 or more contiguous phosphodiester-linked 2' 
deoxynucleosides; wherein at least one of said contiguous phosphodiester- 
linked 2' deoxynucleosides is unmodified,, when complexed with a 
complementary RNA, confers RNase H sensitivity upon the RNA. 

49. A compound containing at least 2 separate nuclease resistant components 
each consisting of 2 or more contiguous phosphodiester-linked 2' 
deoxynucleosides; wherein at least one of said contiguous phosphodiester- 
linked 2' deoxynucleosides is unmodified and wherein said compound further 
comprises a modified oligonucleotide or polynucleotide, wherein the modified 
oligonucleotide or polynucleotide consists of at least one moiety which confers 
endonuclease resistance and at least one moiety which confers exonuclease 
resistance, wherein the portion of the compound that can function as an 
RNase H substrate is located between the moiety conferring exonuclease 
resistance and the moiety conferring endonuclease resistance. 
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ABST RAC T 

We have studied the translation of rabbit globin mRNA in cell free systems (reticulocyte 
lysate and wheat germ extract) and in microiRjected Xenopus oocytes in the presence of 
anti-sense oligodeoxynucleotides. Results obtained with the unmodified all-oxygen compounds 
were compared with those obtained when phosphorothioate or a-DNA was used. In the wheat 
germ system a 17-mer sequence targeted to the coding region of p-g!obin mRNA was 
specifically inhibitory when either the unmodified phosphodiester oligonucleotide or its 
phosphorothioate analogue were used. In contrast no effect was observed with the a-oligomer. 
These results were ascribed to the fact that phosphorothioate oligomers elicit an RNase-H 
activity comparable to the ali-oxygen congeners, while a-DNA/mRNA hybrids were a poof 
substrate. Microinjected Xenopus oocytes followed a similar pattern. The phosphorothioate 
oligomer was more efficient to prevent translation than the unmodified 17-mer. inhibition of 
(5-giobin synthesis was observed in the nanomolar concentration range. This result can be 
ascribed to the nuclease resistance of phosphorofhbates as compared to natural phosphodiester 
linkages, a-oligomers were devoid of any inhibitory effect up to 30 \iM. Phosphorothioate 
oligodeoxyribonucleotides were shown to be non-specific inhibitors of protein translation, at 
concentrations in the micromotar range, in both celMree systems and oocytes. Non-specific 
inhibition of translation was dependent on the length of the phosphorothioate oligomer. These 
non-specific effects were not observed with the unmodified or the ot-oligonucleotides. 



INTR O DUC TIO N 

The use of antisense digodecxynudeotides as specific inhibitors of gene expression has 
undergone a rapid expansion over the past several years (1,2). Central to this approach is the 
presumption that messenger RNAs bound as RNA-DNA duplexes either cannot be translated by 
ribosomes (3-5) or are destroyed by RNase-H (6-10). In order to be effective in vivo, 
synthetic oligonucleotides must share several properties. Among these are :1) chemical 
stability, 2) water solubility, 3) high thermodynamic stability of the RNA-DNA duplex and 4) 
nuclease resistance. Unmodified phosphodiester (PO) DNA meets these requirements except for 
the last one. Thus, a series of modified derivatives have recently been synthesized (11-14). 
Substitution of sulfur for one cf the phosphodiester oxygen atoms yields a molecular species 
that meets all four criteria (12). These phosphorothioate (PS) ofigodeoxynucleotides have 
indeed recently been shown to inhibit the cytcpathic effect of HIV-t (15; Matsukura et al., 
unpublished results). In experiments in chronica Hy infected K9 cells, the expression of p24 
gag protein was shown to fa!; >90% in the presence of a 10 fiM concentration of a 
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phosphorothioate sequence complementary to the 5" region of the rev (formerly art/trs) gene. 
The normal congener was ineffective as was a methylphosphonate construct. Marcus-Sekura et 
aL (16) showed that an anti-sense phosphoroihioate was an effective inhibitor of 
chloramphenicol acetyl transferase activity in the standard CAT assay, in a series of 
experiments conducted in HL60 cells, an anti-sense c-myc phosphoroihioate oligomer was 
unable to consistently inhibit ceHuiar proliferation unless supplied in liposomes, whereas in 
multiple experiments, the norma! oiigomer inhibited levels of myc protein by >50% at 12 h 
(17). 

Another dass of modified oligonucleotide meets the criterion of nuclease resistance. In 
these compounds the naiural ^configuration of the nucleoside is transposed into its a-analogue 
(13, 14, 18-26). However these a-oligonucleotides were reported to be poor inhibitors of 
VSV mRNA translation in rabbit reticulocyte lysate (27). 

Cell-free systems {28-34} and micro-injected Xenopus oocytes (8,35-37} are 
effective means for evaluating the ability of modified oligonucleotides to act as aniisense 
inhibitors. We present here a comparative study of both unmodified and nuclease resistant 
oligonucleotides tested for their abMMy to promote selective arrest of rabbit globin mRNA 
translation. 

MATERIALS ANP METHODS 

Phosphodiester oligodecxynucleotides were synthesized either on a Pharmacia or on an 
Applied Biosystems Model 380B Synthesizer, and were purified via high-pressure liquid 
chromatography (Waters) on a PRP-1 column. Phosphorothioates were synthesized and 
purified via a modification (12) of the procedure of Stec et al. (38). 
Alpha-oligodeoxynucleotides were synthesized on a Pharmacia automatic synthesizer and 
purified as previously described (24). The oiigomer length homogeneity was periodically 
evaluated by running samples on 15% po!yacryiamide/6M urea gels. After electrophoresis, 
bands were either stained with ethidium bromide and viewed by U\Might or revealed by 
autoradiography in the case of 32 P-label!ed oligonucleotides. All preparations yielded a sinale 
species in each lane loaded. 
Cell-free translation sy^grn*; 

Wheat germ extract was purchased either from New England Nuclear or from Genofit 
(Geneva). Oiigomer was added to a translation mixture containing 35 S-methionine. Unless 
otherwise stated experiments in wheat germ extracts were performed under the following 
conditions: 0.05 \ig of rabbit globin mRNA was mixed with the oligonucleotide and added to 30 nl 
of the translation mixture. The final concentration of total mRNA was 3.3nM (i.e. 3.9nM in 
p-globin). The reaction was run ai 25°C during 30 min. Reactions were generally carried out 
without premixing RNA with the oligomer. We showed that premixing did not alter the results. 

Rabbit reticulocyte lysate was purchased from New England Nuclear. The oligomer, at 
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the appropriate concentrator*, was adcfec* lo the translation mixture (25u.») containing O.ljig 
globin mRNA and 35 S-methioritne. The samples were then incubated for 90 min at 37°C. 

An aliquot of the reaction mixtures was then analyzed either on a 15% 
potyacrylamide-SDS gel with a 5% stack or or, a 12% polyacrylamide gel containing 8 mM 
Triton X100 and 6M urea. The gels were then fixed in a 40% methanol acetic acid solution 
for about ih, soaked in a solution of sodium salicylate (Tluoro-Hance*\ Research Products 
International Corp..) for 30 min, and dried under vacuum prior to autoradiography. 
Translation in Xenppy$ rror^fifr 

Stage 6 oocytes (selected via stereotactic necroscopy) were obtained from the 
Laboratoire de Physiologie de ia Reproduction (Paris V! University). Specimens were 
maintained In modified Barth's saline solution (39). 80 n! of a 1/1 {vfv) mixture of globin 
mRNA (50 ng/mf) and oligomer, dissolved in sterile distilled water, were injected in Xencpus 
oocytes; 4 to 5 hours after injection, oocytes were incubated in "the presence of 
35 S-methionine for about 15 hours. The sampies were then homogenized in 20 uJ (per oocyte) 
of 20 mM Tris. pH 7.6, 0.1 M NaCl, 1% Triton X100 and 1 mM PMSF (40). Proteins were 
then analysed by SDS-PAGE electrophoresis on a 13.5% acrylamide gel. Assuming a free 
diffusion compartment of 0.5 ui inside the oocyte, the final intracellular concentration of 
P-ctobin mRNA was about 15 nM. 

1 u.g of rabbit globin mRNA was bound to a nitrocellulose filter by heating at 80*C during 
2 hours. The filter was incubated in a mixure containing about I0 7 cpm of 32 P-iabelled 
oligomer and 2 m! of 6xSSC/10xDenhardt's solution (txSSC - 0.15 M NaCI. 0.015 M sodium 
citrate, pH 7.2; 10xDenhardt's is 0.2% bovine serum albumin, 0.2% Ficotl. 0.2% 
polyvinyl-pyrolidone). The fibers were then placed in a therrnostated holder, and were eluted 
with 6xSSC as the temperature was increased at a rate of l.2°C/m:n. Thermal elution profiles 
were constructed, and the Tc determined to be that temperature at which 50% of the total 
counts had been eluted (41). 

Ql iQOd eoxy nuc(eQt ide"PfOmQted .deavace of otobin mRNA bv RNasg-H 

RNase-H from E coli was obtained from Genofft. Kinetic experiments were run at 37°C 
in a 20 mM Tris-HCI buffer, pH 7.5 containing 100 mM KCI,. 10 mM MgCI 2 and 0.1 mM 
dithiothreitol. Incubations of 0.3u.g of rabbit globin mRNA and 30pmo!es of oligonucleotide were 
performed in a total volume of 30 ul. in the preser.ee of 2.5 units of enzyme. At the appropriate 
times aliquots of 5 u.1 were spotted on a nylon membrane. UV-irradiated membranes were 
probed with 32 P 5' end-labelled 17PO-P (Figure 1) and autoradiographed. 

Sequences .studferi 

The sequences of the oligonucleotides used throughout this study and of the 
complementary regions on rabbit a- and p-gfobin mRNAs are given in figure 1 . We targeted 
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a) 50 60 

fegk&in 5 A A AC A G A C A G A A M_G GUGCAUCUGUCCAG ... 

3 TTGTCTGTCTT I IPS 

3 TACCACGAC&G&GGG ODN-); S-ODN-1 

cap-ODN-1 

Ct£i£tol 5 AACCACC GUGCUGOCUCCCGC 

30 40 



b) liC 120 130 



fcsJfi&ilQ.. GAAOGUGGAAGAAGUUGGUGGUGAG G... 

3 ACACCT7CTTCAACCAC !7PO-fJ: I7PS 

3 CACCT7CTTCAACCAC 16PO-tt 

5 ' ACACCTTCTTCAACCAC J7PO-a 

Figure 1 : Nucleotide sequences of oligodeoxynucleotides complementary to a) AUG region of 
rabbit p-giobin and a-giobin (51) and b) coding sequence of rabbit p-globin mRNA. The 
numbering above the RNA sequences refer to the transcription start; the translation 
initiation codons are underlined. The abbreviations of the antisense oligonucleotides are 
indicated on the right of the sequences {for details see "Results; Sequences studied"). 
11-mers, 17-mers and the 16-mer were complementary to the p-globin mRNA and ODN-1 
to the a-globin mRNAs. The latter oligonucleotide can pair with the (3-message giving 4 
mismatches (underlined letters in ihe ODN-1 sequence). 



two regions of the p-globin mRNA. namely nucleotides 44-54 and 113-129 that were already 
selected in a previous study (3). The 44-54 sequence is located immediately upstream of the 
start codon. while the 113-129 sequence is within the coding region of the message. An 
unmodified phosphodiester (PO) oligonucleotide (17PO-P) and phosphorotrnoate (PS) 
analogues (11 PS; 17PS), complementary to these two regions, were synthesized. Two 
a-oligodeoxy nucleotides complementary to the coding region were also used. The first one. 
16PO-a. was designed to be in an an!iparai!el orientation with respect to the target sequence. A 
second one. 17PO-a was synthesized to bind its target in a parallel orientation. 

!n addition we constructed several oligomers complementary to the a-globin mRNA 
sequence. ODN-1 is a 1 5-mer sequence complementary to the a-globin initiation codon and 
downstream region (Figure i). This sequence also complements a similar region of the 
p-giobin message with the exception of a 4-b2se mismatch, assuming the formation of two G-U 
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2 |i M 



EiGUlfc_2 : Effect of various 17-mers on in vitro synthesis of rabbit p-globin. Autoradioaraoh 
of a 12% Tnton-acelie acid-ures poiyacrylamtde gel of proteins synthesized in wheat" germ 
extracts as indicated in Materials and Methods in the absence <T) or in the presence of 
17PO-0, 17PO-a or MPS at the indicated concentration. The upper band (arrow) 
corresponds to p-gtobin and the fewer one to a-globin. 

pairs. ODN-t[Sen] is the sense construct. ODN-1 and ODN-1{SenJ were also synthesized in 
afi-phosphorothioate forms (S-ODN-1; S-ODN-1fSen]). In addition, they were a!so 
constructed with two phosphoroihioa?es at both !he 3* and 5' ends, and are referred to as 
cap-ODN-1 and cap-ODN-1[Sen|, respectively. 

A series of random sequences were a!so made. ODN-2 (5'-dACTCC-3') is a 5-mer, and 
OON-3 (S'-dCCAAACCATG-SO a 10-mer. ODN-2 and -3 were synthesized as phosphorothioate 
derivatives on!y. A random 1S-mer, termed ODN-4, with base composition equivalent to 
ODN-1 (S'-dACGCGAGGACCATAGT-T) contained 5 contiguous phosphorothioates at The 5* and 3' 
ends, separated by 5 phosphodtester linkages. We also synthesized the same 18-mer 
(5'-dACGCGAGGACCATAGT-3') containing alternating PS and PO linkages (ODN-5)The absence 
of perfect complementarity beiween these oligomers and rabbit globin mRNAs was checked by a 
computer search (CITi 2). 



.labial 





Ifi 






Xonoouis oocytes 










oiigo/RNA 


Coinjection 


RNA/oRgo 


17PO-P 


60 


5G 


>> 


30 


650 


17PO-a 


50 


» 




» 




17PS 


39 


50 


30 


3 


7 


11PS 


28 


3000 




8000 





Table 1 : Stability of ofigonucIeotide/RNA hybrids and inhibition of translation by antisense 
oligonucleotides. Temperature of half-dissociation (Tc) of filter-bound complexes, 
determined as described in Materia! and Methods are given in °C. Concentrations (indicated 
in nM) r leading to a 50% decrease of translation either In wheat germ extracts (WGE) or in 
oocytes following co-inj8Ction or delayed injections (RNA/oKgo means RNA first; o!igo/RNA 
means oligo first; see text) were determined from curves shown on figures 3 and 6. The 
symbol » indicates that 50% Inhibition was not reached at the highest concentration tested. 
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Exacts of oK ponucteotjdes on ira nslattpn in ceil-free megia 

Tr a nslation ft wheat osrm extract : Translation of rabbit globin mRNA in cell-free systems 
gives rise to two bands corresponding to the a- and JJ-chains which can be separated on 
Triton-urea-acetic acid poiyaerytamide ge!s. in a first set of experiments we compared (he 
effects on globin synthesis of three 17-mers, 17PO-P, 17PO-a and 17PS. targeted to the 
coding region of p-globin mRNA (Figure 1). The results shown in figure 2 indicate that 
17PO-P is a specific anti-sense inhibitor in a wheat germ system: a fifty per cent decrease was 
observed at 50 nM (Table 1} and a total inhibition of B-globin synthesis was attained at t .uM, 
whereas a-giobsn synthesis was not affected, in good agreement with a previous report (8). In 
contrast even at 11 u.M no effect was observed in the presence of 17P0-O. At low concentration 
(below ca. 1 ^M) a specific decrease of p-globin synthesis resulted from addition of 17PS to 
the translation mixture, 50% inhibition being observed at 50 nM as in the case of 17PO-P 
(Table 1). However, by 1-2 uM, the synthesis of a-globin was also decreasing 2nd at 10 pM 
17PS both a- and p-g!obin mRNA synthesis were 100% inhibited (Figure 2). As this 
oligonucleotide is not complementary to any region of a-globin mRNA (no match above than 
70% homology) this should be ascribed to a non-specific effect on translation. Thus, in a 
defined concentration range (<500nM), the anti-sense 17PS inhibits the synthesis only of its 
directed target, i.e., p-globin; and the sense analogue, in that same concentration range, has 
little if any effect on the synthesis of either a- or p-globin (data not shown). 

A similar conclusion regarding antisense specificity can be drawn from experiments 
with 11PS, a phosphorothioate oligomer complementary to the region immediately upstream of 
ihe AUG codon of p-globin (Figure 1), homologous to an unmodified 11-mer (11PO) that we 
used in a previous study (8). Specific inhibition of p-g!obin synthesis (at low concentration) 
and non-specific inhibition of a-globin mRNA translation (at high concenlration) were 
observed but 11 PS was a less efficient inhibitor than 11PO. It should also be noted that higher 
concentrations of 11 PS (>5 uM) than those of 17PS were required to observe non-specific 
effects (Figure 3). This can be related to a length effect (see below). 

We also tested CDN-1, a t5-mer complementary to the a-message (Figure 1), in the 
wheat germ system; 100% inhibition of translation was achieved at 1 pM (Figure 4) but no 
inhibition was observed with the sense congener (data not shown). On the other hand, both 
sense and anti-sense S-ODN-1 constructs were potent inhibitors of translation ai 5 u.M, with 
control levels being reached at ca. 500 nM (Figure 4). The region from 500 nM to 5 u.M was 
not examined in greater detail in this study. Translation of Brome Mosaic Virus mRNA was also 
inhibited, in the wheat germ system, in the presence of S-ODN-t[SenJ. to which it has no 
sequence homology above 70% (Figure 4). 

We evaluated the deoendence of non-specific translation inhibition on phosphorothioate 
oligomer length. The random 5-mer ODN-2 was not inhibitory to globin mRNA translation up 
to 25 u.M and only partta^y inhibitory at higher concentrations (Figure 4). if the random 
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FiQur.e.3 : Effect of 11FS on rabbit p-giobin synthesis. Globin mRNA was either translated in 
wheat germ extracts (O) or in micro-injected Xenopus oocytes (©). 35 S-labelled proteins 
were analyzed by gel electrophoresis (see Materials and Methods), 0~globin synthesis was 
determined from densitc-meter tracings of autoradiographs, relatively to the synthesis 
observed in the absence of added clsgodeoxynuclectide. 

10-mer, (ODN-3), was used in !he translation assay, control levels of protein synthesis were 
no? achieved at concentrations higher than 3 fiM. ODN-3 has no complementary sequence 
matching better than 70%, neither In a- nor in p-giobin mRNA. In the case of ODN-1 several 
sequences where found that coutd form four base pairs. Such hybrids are not expected to be 
stable under our conditions. A S-dC29. was also examined in the wheat germ system. 

This oligomer is capable of inhibiting the cytopathic effect of the HIV virus in newly infected 
H9 cells, at concentrations in the low micromolar range (15). S-dC 2 g was the most potent 
inhibitor tested in this system: translation of globin mRNA was entirely inhibited above 500 

As the non-specific inhibitory properties of phosphorothioate oligodeoxynucleotides 
appeared to be highly lengih dependent, we wanted to determine if a molecule containing blocks 
of contiguous phosphoroihioates (where each block was itself too short to be an inhibitor) could 
act in summation to produce an effective translation inhibitor. Because we knew that a 5-mer 
phosphorothioate had a limited inhibitory effect on translation, we synthesized a random 
16-mer ODN-4, with base composition essentially equivalent to ODN-1, containing 5 
contiguous phosphoroihioates at the 5' and 3* ends separated by 5 phosphodiester linkages. 
When tested in the wheat germ system, 100% inhibition of translation was seen at 
concentrations higher than 6.25 jiM (Figure 4). Thus, this molecule does not behave as if it 
were two separated 5-msrs, but ra*her as if it were a 10-mer (compare to ODN-3). 

The non-specific inhibition of translation is not related only to the length of the 
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Fi gure 4 : Translation of rebbit g!obtn mRNA and Brome Mosaic Virus mRNA in the wheat germ 
system in the presence of various oligomers: ODN-1 is a 15-mer complementary to 
a-globin mRNA; S-ODN-1 is the phosphorothioate analogue; ODN-1 {Sen] and 
S-ODN-1{Sen] are the sens oligomers; cap-ODN-1 contains two phosphorothioate linkages 
at the 5*- and at the 3* -ends; ODN-2 and ODN-3 are random phosphorothioate 5-mer and 
1Q-mer, respectively; OON-4 is a random 15-mer composed of two blocks of 5 
phosphorothoates separated by S phosphodiesters (for more details see 'Results; Sequences 
studied - ). C-contro! (no added ofjgoroer). Numerals above each lane are the concentration 
of added oligomer (in uM or in rM). incubation time was 120 min. at 22°C. 
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ODN 1 (aldose) also inhibited protein «rans«ation (100% below 3 uM 
oligomer: cap-OON-1 (a^e ^ ^ 3 ^ ^ ^ ^ 

wttle the sense congener exited dose d ^ ^ ^ 

This ^specific ~^ ton of 100 , M O 0N-, a random 

100% <«- plus MM -e S,S 

sense constat apoears to be even more inhibitor, than the anti-sense spec.es below 6.25 uM. 
This observation precludes the existence, under these reaction conditions, of even a narrow 
concentrate range, or -window", of anti-sense » ■» -« """f**^ 

The effect of Oligomer length on inhibition of translation was also evaluated .n the 
reticulocyte lysate system. OCN-2. a random 5-mer. was not inhibitory at any concentrator, 
tested (up to 100 uM). while ODN-3. the random 10-mer. was inhibitory ( a- plus f>-g'.ob.n) 
at concentrations above 25 uM. S-dC 28 and its phosphediester congener 0-dC 28 were tested. 
They both bind to the reverse transcriptase of H.V-1 (50) but 0-dC 28 has a tower affinity 
than S-dC™ in the reticulocyte lysate system. 0-dC 28 did not inhibit protein transition at 
100 uM. while S-dC 28 was virtually completely inhibitory at concentrations higher than 3 aM 

(F ' 5 ° re Variants of ODN-1, which contains two phosphorothioates onfy at the 3" and 5" end. were 
also examined in the reticulocyte iysate system. For the antisense construct (cap-ODN-1) a 
dose dependent inhibWon of protein translation was observed, with 100% inhibition (a- plus 
0-g-obin) seen at 100 (Rgure 5). Control levels of translation were achieved below 25 uM. 
,„ experiments with the sense construct (ca P -ODM-1[Sen». no inhibition was seen unt.l a 
concentration of 100 uM was obtained. Thus, in this system, there appears to be a window of 
anSsense specificity in the 25-100 uM concentration range. 

KflnopHS oocytes : ^_, 0< . 

Following microinjection, p-gtebin mRNA is efficiently translated in Xenopus oocytes 

(the synthesis of the ^peptide re-quires the presence of hemin). Rgure 6 displays *e 

r 9S „.ts of the gel electrophoresis of oocyte proteins after co-Injection of rabbit flttm mRNA 

with two different concentrations of both norma. (17?0- P ). a (ITKX* and chosphoroth^ate 

{ ,7PS) ofigomers. Results similar to those in the wheat germ system were- obtained. i7PO-a 



Nucieic Acids Research 



m 0. . •# 



Of)NO 



ODfi- 



S-OJ5N- 



Fioura 5 : Translation of rabbit globin mRNA in the reticulocyte lysate system in the presence 
of various oligomers {see legend of figure 4). C=control (no added oligomer). Numerals 
above each lane are the concentration of added oligomer (in u.M or in nM). incubation time 
was 90 mm. at 37°C. 



did not inhibit fi-globin synthesis at either concentration (3.2 u.M or 16 pM, lanes 3 and 6). 
Both 17PO-3 and 17PS were partially inhibitory at low concentration (lanes 7 and 8). At 
higher concentration (16 17PO-P selectively inhibited the production of (5-g!obin. in 
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Figure 6 : Effect of various 17-mers on the synthesis of rabbit p : globin in micro-injected 
Xenopus oocytes. Autoradiograph of a 12.5% po!yacrylamide-SDS gel of proteins 
synthesized in oocytes injected with rabbit globin mRNA in the absence (iane 2) or in the 
presence of 17PO-a (lanes 3 and 6) t 17PS (lanes 4 and 7), or 17PO-P (lanes 5 and 8), at 
a concentration of 16 u.M (panel a lanes 2-5) or 3.2 u.M (panel b, lanes 6-8). Lane 1 
corresponds to non injected oocytes. The arrow indicates the position of p-globin. 

contrast, global protein synthesis was completely prevented by 17PS at this latter 
concentration (lane 4). This result was reminiscent to the non-specific effect induced by this 
oligomer in the wheat germ extract. 

When the oligomers were co-injected with the message, the ability of 17PS to 
specifically inhibit p-globin production was greater than that of its oxygen analogue at similar 
concentrations {Rgure 7 and Tahte 1). This may be due in part to the decreased sensitivity of 
this compound to nucleases (12). The effect of nuclease resistance on translation inhibition 
was better seen when a delay was introduced between injections of the oligomer and of the 
globin mRNA. Specific inhibition of g-gSobin synthesis still occurred when 17PS was injected 
6 hours prior to the message although it was less efficient than upon co-injection. The 
concentrations leading to 50% reduction were 30 and 3 nM respectively (Figure 7b and Table 
1). In contrast no effect was detected when 17PO-£ was injected 6 hours prior to mRNAs even 
when the oligomer concentration was as high as 3 u.M (Rgure 7a). 

!n order to test a more physiological situation in which the mRNA was already engaged in 
translation (as is the case for endogenous RNAs from the oocyte), 17-mers were injected 6 
hours after gfobin mRNA. Previous experiments have shown that within 6 hours after 
microinjection, globin mRNA is recruited into polysomes and efficiently translated. Specific 
inhibition of 3-globin synthesis was observed in the nanomolar range with 17PS whereas 100 
fold higher concentrations of 17PC-S were required for half-inhibition (Rgure 7 and Table 

D- 

In fair agreement with whs? was observed in the wheat germ extract. 11 PS was much 
less inhibitory (3 orders of magnitude) In oocytes compared to 17PS. Concentrations in the \iM 
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Figure 7 : Effect of 17PO-0 (a) and 1/PS (b) on the synthesis of rabbit p-globin in 
micro-injected Xenopus oocytes. Giobin synthesis was determined from densitometer 
tracings of autoradiographs, relatively to the synthesis observed in the absence of added 
oiigodeoxynucleotide. Oligonucleotides injected 6 hours prior to (A), S hours after m or 
coinjected with the rnRNA (©). Inset in pane! (b) is an enlargment of the curve (©) in the 
main figure. 

range had to be used to observe 50% inhibition (Figure 3). This is probably due to the weak 
affinity of this oligomer for its target as indicated by a tow value of the meiting temperature ol 
the DNA-RNA duplex (Table 1). i; is worth mentioning that the unmodified 11 PO had no effect 
at any concentration up to 20p.M (8). 

The differences in inhibition efficiencies between the various oligomers could be related 
to their affinity for their targe: or to the sensitivity to RNase-H of the hybrid they formed 
with p-globin rnRNA. In particular it was of interest to understand why the a-oligomer had no 
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effect on translation. To delineate this we first investigated the binding of 17-mers to the 
mRNA and then the sensitivity of oligonudeoifde-rr.RNA hybrids to RNase-H. 
Thermal stability 

We compared the affinity of rabbit giobin mRNA for various oligonucleotides, namely 
17PO-P, 17PS. 17PO-a and 16PO-ct using hybridization experiments (see Materials and 
Methods). The two a-o!igomers have the same target but whereas 16PO-a was designed to bind 
RNA in an antiparattel orientation, 17PO-a was synthesized to bind in a parallel orientation 
{Figure 1). We did not detect non-specific interactions between oligomers and the filters. All 
oligonucleotides but one, 16PO-c. gave a signal from thermal elution of fitter-bound 
complexes (data not shown). Binding of l7PO-ato the immobilized mRNA indicated that this 
a-oiigodeoxynucteotide formed a double-stranded structure with RNA in which the two chains 
run parallel to each other, in good agreement with a previous report (27). Assuming AH values 
are similar for ail three oligonucleotides, relative affinities of 17-mer analogues for giobin 
mRNA can be deduced from the relative temperatures Tc of half-dissociation of the complexes, 
given in Table 1. Even though Tc obtained with 17PO-a was lower than that of its p-homolog it 
was still higher than that of 17PS. Binding of 17PO-a occurred specifically to its target region 
of p-giobin mRNA as demonstrated by a competition experiment : translation inhibition of 
P-globin mRNA by 17PO-p was reversed by addition of an excess of 17PO-ct both in wheat 
germ extracts and in Xenopus oocytes, indicating that the two oligomers competed for binding to 
the same RNA sequence (data not shown). Therefore the failure to inhibit rabbit (5-gtobin mRNA 
translation with the a -derivative cannot be ascribed to a weak stability of the 
ct-oligonucleotide/mRNA hybrids. 
RNase-H activity on olioodeoxynucleotide-RNA hybrids 

It was shown that RNase-H, which cleaves the RNA part of RNA-DNA hybrids, amplified 
the antisense effect produced by oligodeoxynucleotides both in wheat germ extracts and in 
Xenopus oocytes (6-9). We therefore investigated the activity of RNase-H on RNA associated 
with various complementary 17-mers (17PO-p, 17PO-a and 17PS). Rabbit gtobin mRNA was 
incubated, in the presence of the oligomers, with E.cofr RNase-H. Aliquots of the mixtures were 
withdrawn at various times, spotted onto nylon membranes and probed with 32 P end-labelled 
17PO-f*. As shown on figure 8 no RNase activity was detected during the time course of the 
experiment in the absence of added oligonucleotide. On the other hand the presence of ihe 
various 17-mers did not prevent binding of the probe. Under our experimental conditions 
about 85% of the p-globin mRNA was cleaved by RNase-H after a 2 h incubation in the 
presence of 17PO-P- Under the same conditions, 50% mRNA remained intact in the presence of 
17PS, whereas no degradation was detected with 17PO-a. Therefore, although the 
a-oHgonucteotide was bound to its target, the hybrid was not recognized as a substrate by E.cofi 
RNase-H. In contrast the phosphorothioate analogue was able to induce the cleavage of the 
complementary RNA as previously observed with homooligomers (12). 
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Figure 6 : Oligonucleotide-snduced cleavage of rabbit p-globin mRNA by RNase-H. Dot-blot of 
giobin mRNA incubated in the absence (T) or in the presence of 17-mers listed on the left 
side, in the absence (-) or in the presence of E.cofi RNase-H {+), during the time indicated 
(in minutes) at the top of the autcradiograph. The blot was probed with 32 P-5'end-!abeiied 
17PO-p. 



PISCVSSIPN 

As part of our studies on the use of oligodeoxynucleotides as specific inhibitors of gene 
expression, we have chosen to examine modified oligomers with respect to their ability to 
inhibit protein translation. We have focused on two modifications, phosphorothioate DNA and 
a-DNA which render oligonucleotides resistant to nucleases, and have compared these with the 
normal analogues. 

The expected inhibition of giobin synthesis in the reticulocyte lysate system and in the 
wheat germ extract was observed with normal antisense oligomers in agreement with previous 
reports (8, 28, 42, 43). By contrast, the situation with modified oligonucleotides was more 
complicated. In wheat germ extract no effect on p-giobin synthesis was detected in the presence 
of a-oligomers (either a parallel 17-mer or an antiparallel 16-mer), targeted to the coding 
region of the p-g!obin mRNA, even at high concentrations (>30 u.M). The same results were 
obtained in Xenopus oocytes: none of the two a-oligodeoxynucleotides inhibited translation of 
microinjected rabbit glcbin mRNA. This anti-p -giobin sequence was synthesized in both 
orientations because, although it has been known for some Time that a-DNA forms 
parallel-stranded structure with (5-DNA (19-23), it was more recently reported that a-dT 8 , 
linked to a phenanthrotine-copper complex, binds to polyrA in the antiparallel orientation 
(25). Our studies with filter-immobilized giobin mRNA showed that only the parallel 17PO-a 
hybridized to rabbit giobin mRNA, in fair agreement with a recent work using two other mRNA 
species (27). Therefore it seems possible that the orientation of the two strands in an 
ct-DNA/(5-RNA hybrid depends on the base sequence of the a-oligodeoxynucieotide or that 
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RESISTANCE ACTIVATION Of INHIBITION OF 

to DNAses RNAse H transition 

NO YES YES 



YES YES YES 



YES NO NO 



Table 2 : Properties of unmodified, phosphorothioate and alpha-antisense 
oligodeoxy nucleotides. 

cell-free system whereas MPO has quite similar activity. Therefore there might be other 
factors than nuclease resistance, hybrid stability and RNase-H susceptibility which are 
playing a role in the efficacy of cligodeoxynucieotides at inhibiting protein synthesis. One such 
factor could be different compartmentalization of the two oligomers inside oocytes. The kinetics 
of RNase-H cleavage could also be different in the two systems. 

At least at iow concentrations (<lu.M for 17PS) phosphorothioate analogues fulfill the 
criteria of anti-sense specificity: 17PS inhibits the synthesis of its target only, i.e., p-globin. 
But in this paper, we have demonstrated that these derivatives may be non-sequence specific 
inhibitors of protein synthesis if the concentration is not optimized- We have shown that this 
effect is highly concentration and length dependent: in wheat germ extract a 5-mer PS was not 
toxic at 100 u.M but a 1 5-mer containing two blocks of 5 contiguous phosphorothioates behaved 
like a 10-mer PS. In contrast, in the reticulocyte lysate f a 1 5-mer phosphodiester capped 
with phosphorothioate units at both ends exhibited specific behavior close to that of the 
all-phosphodiester analogue. The results presented in this paper can be discussed with respect 
to the effects of S-o!igomers in other systems. For instance studies on HiV replication and 
protein expression have revealed two distinct mechanisms of inhibition by phosphorothioate 
oligodeoxynucleotides: one sequence (antisense) specific, the other non-sequence specific (15, 
44, Matsukura et a!., unpublished results). Kinetic studies of cellular uptake of fluorescent 
oligomers have identified an 80kD protein as a possible cell surface receptor for 
oligonucleotides and related substances (45, 46). In addition, Zhang ei al. (unpublished 
results), have shown that the 80kO protein binds phosphorothioate with greater avidity than 
normal DNA. A similar observation was noted for HIV reverse transcriptase, which also binds 
phosphorothioate DNA with higher affinity than its oxygen congener (50). In subsequent 




4270 



Nucleic Acids Research 



experiments, *rt has been show that although both phosphorothioate oligomers and their 
normal counterparts bind to riboscmes, the former is not displaceable (Stein and Neckers. 
unpublished results). It is thus of interest to note that when 17PS was injected into Xenopus 
oocytes in high enough concentration (16 uM), total protein synthesis was abolished and the 
oocytes exhibited altered pigmentation and then underwent extensive cytolysis. These 
observations may account for the non-specific cellular cytotoxicity observed when ceils are 
exposed to concentrations of phosphorothioate DNA above 25-50 u.M for extended times. 
However it is worth noting that in Xenopus oocytes specific translation inhibition by a 17-mer 
was achieved in the nanomolar range i.e. at concentrations three orders of magnitude lower than 
that at which toxic effects took place . 

From the standpoint of antisense strategy, phosphorothioate DNA appears to be one 
promising member of the class of modified oligonucleotides. These compounds will very likely 
be alternative tools to unmodified derivatives in the field of developmental biology and in drug 
research. These compounds could allow one to specifically ablate the expression of a gene in 
cells at very low concentrations of antisense molecules, without detrimental effect or 
interference with the intracellular nucleotide pool, in contrast to recent reports in which 
unmodified phosphodiester oligonucleotides have been used (47-49). 



Acknowledgements : We are grateful to Or. G. Zon (Applied Biosystems) for generously 
providing methyiphosphonate oligomers. This work was supported in part by a contract wilh 
Rb6ne Poulenc Sante (to N.T.T. and C.H.). by a grant (87-1198) from the "Direction des 
Recherches, des Etudes et des Techniques" (to J. -J. T.), and by a contract 
(DAMD-17PP-7301) from the Walter Reed Army institute of Medical Research (to J.S.C). 



Abbreviatipns: 

ODN, cligodeoxynucleotide; PO, phosphodiester oligomer; PS, phosphorothioate oligomer; 
a, alpha oligomer. 



REFERENCES 

1. Stein, CA and Cohen, J.S. (1988) Cancer Res. 48, 2559-2668. 

2. Touime, J J. and Helene, C. (1988) Gene 72 r 51-58. 

3. Uebhaber, SA, Cash, RE. and Shakin, S.H. (1984) J. Biol. Chem. 259, 15597-15602. 

4. Shakin. S.H. and Uebhaber, S.A. (1986) J. Biol. Chem. 261 , 16018-16025. 

5. Lawson, T.G., Ray, B.K., Dodds, J.T., Grifo, J A, Abramson, R.D., Memck.W.C. Betsch, 
D.F., Wefth, HJL and TTiach, R.E. (1936) J. Biol. Chem, 261, 13979-13989. 

6. Haeuptie, M.T., Frank, R. and Dobberstein, B. (1986) Nucleic Acids Res. 14, 1427-1445. 

7. Minshull, J. and Hunt, T. (1986) Nucleic Acids Res. 14, 6433-6451. 

8. Cazenave, C, Loreau, N. f Thuong, N.T., Toulm§, J.J. and Helene, C. (1987) Nucleic Acids 
Res. 15. 4717-4736. 

9. Dash, P., Lotan, I., Knapp, M., Kandei. E.R. and GoeSet, P. (1987) Proc. Natl. Acad. So. USA 
84, 7896-7900. 

10. Walder. R.Y. and Walder, JA (1938) Proc. Natl. Acad. Sci. USA 85. 5011-5015. 

11. Murakami, A.. Blake r K. r and Miller, P.S. (1985) Biochemistry 24, 4041-4046. 



4271 



Nucleic Acids Research 



12 'S'322l'.' SubaSi09he - C - Shinoku2a - «■ *« Conen, J.S. (1988) Nucleic Acids Res. i 6 , 

1 3 ' S &i 5S: B " ,mbach ' JL - Chan9, D K - and ^ JW - {,986) Nucieic 

14 's5TS m!s5SSS U - R ° iS - V - Tak3SU9i - M - and H§,6ne - C " < 1987 > Pr <*- Na». Acad. 

15. Matsukura.M.,Shinoku:a.K.,Zon,G..Mitsuya.H..Reit2 M Cohen JS anriRrnrfor c 
(1987) Proc. Natl. Acad. Sci. USA 84. 7706-7710 e E > M -. oonen, o.S. and Broder, S. 

16. Marcus-Sekura, C.J., Woerner, A.M.. Shinozuka. K.. Zon G and Quinnan G V i r 
(1 987) Nucleic Acids Res. 1 5. 5749-5763. uuinnan, G. V. J.R. 

17. Loke, S., Stein, C., Zhang. X., Avigan, M.. Cohen, J., and Neckers L W owm rw 
Microbio!. Immunol. 141. 282-289 "ewers, U M. (1988) Curr. lop. 

1 « WARS JR - Pao,e5ti - J • M - c - - 

,9 ■^&s^K^ ka>, * m - u Doan - t - Thuons ' nt - ■* c- 

20 ' £T!s 4 F 24 , 3S- B - J U Ch3n5 ' ° K " 3nd L ° Wn - J W " OSW) Nucleic Acids 

2 '^^^^TS^"^ e ^ T - Thu0 " 9 - NT - and ^ c 

^TsKS? 6 "' GU6Snet ' J Ll RCiQ> V ' antSThuon 9- N T - Nucleic Acids Res. is. 
It' SflTc a " d ?o P9 ' N T " {1S87 > C " R " S«S- 305 (II) 1527-1530 

27 ' Sg^o 0 -; 8 K f!r !^', J Fi - Thenet ' S - Lenia;ire - M - ^n. F., Rayner B Malvy c 

28 K ' Tf aCh t ' J " L f nd P30,etti ' C " < 1987 > Nucte « Adds Res. tH^U-lSas 

28. Blake. K.R., Murakami. A. and Miller, P.S. (1985) Biochemistry 24 6132-6138 

29. Cornelissen. A W.C.A.. Verspieren. P., Toulme. J.J., sJffiSv IS2S P Mora 
Nucleic Acids Res. 14, 5605-5614 s *' p " { ' 3e6 > 

33. Maher III, LJ. and Dolnick, B.J. (1988) Nucleic Acids Res 16 3341-3358 

^'SSS: Cazenave • c - 0zon ' R - and H6l6ne - c - (1988) Nucfeic *** **- 1 6. 

36. Kawasaki. E.S. (1985) Nucleic Acids Res. 13, 4991-5004 

37. Shutlleworth, J. and Colman, A. (1 988) EMBO J 7 427-434 

L. and Moldave, K.. eds.) 101 . 370-386. Academic PreSTEto ^ ' ' Gr0Ssman - 

41 ■ JSltli^S^^r N -' 7 * uonB - Nf and H6,ene - c - < 1986 > p -- 

42 '4^409 W ' J " C3TO '' E " Greenber 9» J " < 1988 > A «*- Bochem. Biophys. 263. 
43 ' ftiSSS C "' U5re80 ' N - Tou,m *- J ^ and "«*ne. C. (1986) Biochimie 68, 



~ieic Acids Research 



44. Agrawal, S.„ Goodchtld, J., Civeira, M., Thornton, A.H., Sarin, P.S. and Zamecnik, P C 
(1938) Proc. Natl. Acad. Sd. USA 85, 7079-7083. 

45. Stein, CA f Mori, K., Loke f S_, Subasinghe. C Sh:no2uka. K., Cohen, J., and Neckers L 
(1 988) Gene, 72, 333-342. 

46. Loke, LS., Stein, C.A., Zhang, X.K, Mori, K. ? Nakantshi, M., Subasinghe. C. Cohen JS and 
Neckers. LM. (1 989) Proa Natl. Acad. Sci. USA, in press. 

47. Shuttteworth, J., Matthews. G. t Date. U Baker, C. and Colman, A. (1988) Gene 72 
267-275. 

48. Smith, R.C., Dworkin, M.B.and Dworkin-Rasfl, E(1988) Genes & Development 2 
1236-1306. ' * 

49. Sagata, N., Oskarsson, M., Ccpe!and, T., Brumbaugh, G. and Van de Woude, G F.(1988> 
Nature, 335, 519-525. 

50. Majumdar, C, Stein, CA, Cohen, J.S., Broder, S. and Wilson, S.H. (1989) Biochemistry 
28,1340-1346. 

51. Paviakis. G.N., Lockard, R.E., Vamvakopoufos, N. ( Rieser, L, Rajbandhary U.L and 
Voumakis, JJH. (1980) Cell, 19, 91-102. 



4273 



Nucleic Acids Research 



RNase H cteavsge of RNA hybridized u> oUj^mscteotmes containing methylphosphonate, 
phosphorothioate and phosphodsesier bonds 



Paul J.Furdon. Zbigniew Dominskj and Rys/ard Kolc* 



Deparrmem of Pharmacology and Lincberger Cancer Research Cemer. University of North Carolina 
Chapel mi NC 27599, USA 



Received Juiy 28, 1989; Revised and Accepted October 6. 1989 



ABSTRACT 

Three types of I4-mer oligonucleotides were hybridized to human 0-globin pre-mRNA and the resultant 
duplexes were tested for susceptibUity to cleavage by RNase H from E.coli or from HeLa cell nuclear 
extract. The oligonucleotides contained normal deoxynucleoides, phosphorothioate analogs alternating 
with normal deoxynucleotides, or one to six methylphosphonate deoxy nucleosides. Duplexes formed 
with deoxyoligonucleotides or phosphorothioate analogs were susceptible to cleavage by RNase H 
from both sources, whereas a duplex formed with an Oligonucleotide containing six rrK^ylphosphonate 
deoxynucleosides alternating with normal deoxynucleotides was resistant. Susceptibility to cleavage 
by RNase H increased parallel to a reduction in the number of methylphosphonate residues in the 
oligonucleotide. 

Stability of the oligonucleotides in the nuclear extract from HeLa cells was also tested. Whereas 
deoxyoligonucleotides were rapidly degraded, oligonucleotides containing alternating 
methylphosphonate residues remained unchanged after 70 minutes of incubation. Other oligonucleotides 
exhibited intermediate stability. 

INTRODUCTION 

Antisense oligonucleotides are increasingly used as modulators of cellular and viral gene 
expression (see ref. 1 - 4 for review). Three classes of oligonucleotides have been used 
in recent investigations: antisense deoxyoligonucleotides (D-oligos), their modified 
counterparts and antisense RNA. All three classes have been effective in inhibiting 
expression of specific genes. For example, in their pioneering work Zamecnik and 
Stephenson (5) showed that D-oligos complementary to a segment of reiterated terminal 
sequence of Rous sarcoma virus inhibit viral replication. More recently phosphorothioate 
deoxyoligonucleosides (S-oltgos, developed by Eckstein and coworkers, see ref. 6 for 
review), methylphosphonate deoxyoligonucleosides (MP-oligos, developed by Miller, Ts'o 
and coworkers, reviewed in ref. 7) as well as D-oligos have been shown to inhibit replication 
of the human immunodefficiency virus when they were complementary to essential viral 
sequences (8-1 1). Other modified oligonucleotides that inhibit expression of specific genes 
include phosphoroamidate oligonucleosides (9), oligonucleotides (12,13), and poiylysine 
(14), psoralen (15) and acridine conjugated oligonucleotides (16,17). The discovery that 
the expression of some procaryotic genes is controlled in vivo by endogenous antisense 
RNA (reviewed in 18 and 19), and that expression of thymidine kinase can be inhibited 
by antisense RNA transcribed from a recombinant expression vector (20,21) showed that 
antisense RNA may also be useful in inhibiting the expression of specific genes. This early 
work led to a number of subsequent studies extensively reviewed in ref 18. 
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Most of the reports discussed above focused on the final effect of 
ohgonucleotides on gene expression without detailed studies of the rnech^Sn ,S 

of theRNA transenpt by RNase Hat the site of oligonucleotide binding. RNase HcW 

of a large number of organisms (22). Recent reports show that cleavage of RNA-DNfA 
duplexes by RNase H was predominantly responsible for the inhibito^ activity oH>^gos 
•n several experimental systems (23-25). However, only limited date are avS 
regardmg the mechanism of action of modified oligonucleotide? (3 2627^n S * 
dj^repancies exist concerning the effects of antisJe FoSp,? a^S 

MP-ohgos were found inhibitory in seme but not all systems (10,11 " 26 Tl9) an?S 

*• ^ v * ceiIS The se observations suggest that more rtoaiUH 

Since (here are indications that RNA:MP-oligo duplexes are resistant to RNase H a ->a 

Tn^ 27a eM ' d£S : FW cm ^ ism - « "*ve also testtd a 

MATERIALS AND METHODS 

Oligonucleotide synthesis. Oligonucleotides were synthesized on a DNA ^t,«- 
(Apphed Biosystems) using standard /^yanoethyl cvcles nnw,,! 7 synthesizer 
supplied by Applied Biosystems or A m SS5i ^ svntheS!S wer e 

and *e cjigtileotides were jSiTrhT, ?™ '«? » * measured fOT »ch *»»ple 
Bnase in 100 tnM Tris pH 7.5, 20 raM M^lS^?^ n?*,? 

unde, ^IS^^^-^ clcJ, 
restriction endonuclease Bam HI and transcrbS JnH^f - g ^ Wlth ^ 

using SP6 polymerase and ffl lSJ?Sfp5fe?J2ff J "L^*" 1 * 1 < 33 > 
human p-g,obin Jnca^t^T^d XT^L^ * 
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5'ss 3'ss 

c^j 1: 



5- 3' 

1) CC»TT»AG«TT*GC»CC»CA 



5- 3 - 

2) TACC AAOCTGCCCA 

TACC A»ACCTG»C CCA 
TACC* A ACC»TGCC»CA 
TACC A A«CCT»GCC»T A 
T A«CC*A A»CC«TG»CC»CA 



^7 Jt!E and amjscnse oligonucleotides. The structure of she truncated human 0-gIobin pre-mRNA 
a^Lf %?TZ?V* o^o-ucieotices is shown. Exons (boxes) intron (thin line) Jd^S^ 
3 ss) are uxbcated The transcnpt is terminated at a Bam HI site close to the 3' end of the Lend exon 
The posmons where oligos # I and P 2 hybridize to the pre-mRNA as well as the sequence ^thTXoT^ 
* C show the p^ition of the metfrylphos^te^ J^oSc^ 

^tor^uoate CS.Oandanalternatxng ^iphosphonate (MP.l). Oligo #2 wafused as a deoxyoUgonucS 
(D.2) or coming an mcre^ng number of methylphosphonate residues per molecule <1MP^-6MP^ 

RNase H cleavage. E.coii RNase H was obtained from Bethesda Research Laboratories 
Nuclear extract from HeLa cells (32,34) was used as a source of eucarvotic RNase^H 
Ohgonudeofcdes (25 pmoles) and [»?} labeled pre-mRNA (10 pmoles) were hybridized 

K T* ? ^r C ,0 . minUteS ™ 10 pI ° f 1,16 foliowia g mixnire: for cleSSe 

by e. coh RNase H, the hybridization was performed in 130 mM ammonium chloride- 

n Sat? s S 5 eI 1. CeH nUdear CXtract ' 1,16 Wfa*- mixture contained 
Si? .° lM f MgClj ' 50 mM creatine !*«P»«te «*1 6-5% polyvinyl alcohol 

Following hybndizanon, for the E.coii enzyme, the reaction was performed at 37°C for 

tI^uT^o V ° IUme ° f 20 ^ COntainin S 130 mM ammonium chloride, 10 mM 
i ns pH 7.5, 10 mM magnesium acetate, 5% sucrose and Ifd of RNase H For the HeLa 
enzyme, 15 pi of the nuclear extract was added and the reaction was performed at 30°C 
for 15 minutes The extract contributed several buffer components so that the final 
concentrations of the reagents were 5 mM ATP, 3.3 mM MgCl 2 20 mM creatine 

r ' l^,?? T tf nd 0 7 mM D1T ' ie ' standard conditions for in vitro splicing 
of pre-mRNA (34). RNase H cleavage products were analyzed by electrophoresis on a 
5% poiyacrylamide followed by autoradiography. 

^ISZST^ ^rvTT^Jf* W3S P** 0 ™* in a »0 p\ reaction containing 
00 mM Tns pH 7.5. 100 mM MgCi 2 , 200 mM NaCl, 25 pmoles of oligonucleotide 
10 pmoles of [ 32 P]-pre-mRNA, 5 pd of PP]-<*-labeled dATP, 2.5 mM deoxynucleotide 
tnphosphates and I pi of AMV reverse transcriptase (Life Sciences). The primer extension 
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tST^u t JTT\ ia W " h D ^ !ig °' m MP -° ,i S° RNase H from E.coli. 

I PJ-pie-mRNA was hybndoed with ribonucleotide # 1 (see Fig. 1) in the form of D-oligo CD I lanes 4 and 

sequencmg ge!. A schemata structure of RNase H cleavage products is showTat right. BetoJEHSTS 
tT" m f A - ^ ton ^binding of ofigon.cleotide # l. anddeav a |e by RNase HaS™ 
te £4 subsequent figures, Mflane !) denotes size markers (Hae DI digest of *Xl 7 li n L figure and rS 
J^obm pr^nRNAspJ^ in the folding figures). T (lane 2) denotes untreated RNA transcrl* (aZS 
3 t^U« amount o^ ^active RNA was loaded in this lane), -obgo (lane 3) deno.es pre-X^^S 
and incubated with RNase H in the absence of oligonucleotide. nyonoiZM 

products were electrophoresed and autoradiographed as above 
Stability of oligonucleotides. Oligonucleotides, 5'-end labeled with pP] were incubated 
m the HeLa cell nuclear extract for 0-70 minutes in the same buffer conditions as described 
above and subsequently analyzed on a 20% polyacrylamide sequencing gel. The gels were 
autoradiographed and the amount of intact material and degradation products was quantitated 
by densitometry. As a measure of degradation a ratio of the amount of the intact 14-mer 
to a sma^est degradation product, the mononucleotide, was calculated and plotted in figures 
3 and 1. This way of calculation was carried out to compensate for the activity of 
phosphatases, which might be present in the nuclear extract and could gradually remove 
the radioactive label. 

RESULTS 

A capped fragment of human /3-globin pre-mRNA (Fig. 1), obtained by transcription in 
vitro (see Materials and Methods), was hybridized to three types of 14-mer oligonucleotides 
that included a normaJ deoxynucleotide (D-oligo), a phosphorothioate analog (S-oiigo), 
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3.1 .V Ci_. 



« — t- 



IS??? 



^5 



1 54 
130- 




p- « **** ^ fJ asj> H 

£^7^ ^ * ™~ H Ac. HeU 

cIeav ^ Pnxtucts are shown on the right !„ JTl ™„Z ^ S ? UCtUre ^ I* 8 *™ of the RNase 
used as size markers. The size and struck of tel W ^ ^ Sp " Ced m ^ »d the resulting products 
migration on the gel of the sp5£to££ S P f ^ » 31 '«*• aT™ 
H site of cleavage is shown * "**"*«« contain* term. Below the f,g„ re , a diagram of the RN« 



complementary tanadJSi^S^Jt^ I.™ 6 ° fthe MP -° li g<* were 

one to six methylphosohonate d^iwri!^ - of MP-oligos, which contained from 
in Fig. i. was cSm^TlTs^ the oligonucleotides as shown 

was analyzed on a 5 % poJyacrvlamid™^^ , „ , 1Solatcd 6x501 *e reaction 
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Minutes 

Fsgure 3. Stability of oligonucieotide a i v * ^vr ~ «.« i 

from 0-70 minutes in a HeLa eel! nudetr extract STLS,^ 8 po,ynucleoude «"«e and incubated 
fencing gel and the amount of imact ^i^^l'T^"™ °" a 2056 PO^iamkte 

aMognans. Extern of degradation w,™^*^,r^ ^ *»■*■■<» «V ^i.e^etty of 
degradation product, the mononucleotide" ° 01 "* amoum of Lhe -'4-mer to the smallest 

7^SJJ^fZ^ '-ted upstream from the binding site 

The mobility of the ^ShZZT™" * ^ ° f * e ^^P 1 - 

tbe RNA sequence AtafTKSvI^S^ i^TL^^ Ske 
enzyme, sTce the RNA LSlS^^^ 

components, (Fig. 2A, Janes I and 2 T^i^Ti ^ J- m * Smg either of 
dependent cleavage by RNase K was* SoXt^ f J y ',° Ilg0nude0tide 31x1 ™^ 
S-oIigo (Fig. 2A, lane 7) ^oug^etLm^nh n"^ C ° ntainiag ^ 
generated fragments ^as ^pprTJ^ T^l^ ^ Sh ? Wed ** 1,56 of 
duplex (compare lanes 5 a^Tf* ^ £ £ S^ft*?? ^ 
conditions with alternating MP-^ic 0 was •SaLTSf N ^ £? ndized ««fcr the same 
To determine whether LcanSc R^ SES? 1?^* H 2A ' Jane 9). 
were incubated with a nudea'r t ^omTll du P lex ^ the same samples 
RNase H activity (32). Toe crude ext^was^ b2 uS^ore^ ^ ° f 
intracellular conditions to which <he duplexes T doSely *e 

the previous experiment. pre-mRN^ £ ^1^ L^^" ViVO ' ^ in 

hydrolyzed by RNase H inL (Fic 2 ? B T^f jfs" ^ J* was 

pre-mRNA hybridized with MP-oIioo remained I i'n^ \ res P ectw ^) w ^reas the 
fragment generated by RNase ^JsS^SSSi?' ^ «). The 360 nucleotide 
on a gel but the shorter 3' fragment whkh wafniV *^ extract * <*«ly visible 
instability of the latter fragment ^n agrtmS t^TS^'J" ,argCly degraded - ^ 
extract from HeLa cells contains a 5™to^SSLE? the observations that the nuclear 
cap structure at the 5 " end of th- vrc S aCt,VI,v , which * inhibited by the 

observations). ^ P re - mRN A transcript (32 and our unpublished 
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Figore 4. Primer extension analysis of oligonucleotide analogues. D-digo, S-oligo, and MP-oligo forms of 
oligonucleotide # 1 were hybridized to the pre-mRtf A, extended with AMV reverse transcriptase and the products 
separated on a 5% polyacrylamide gel. The structures and positions of the primer extension products for EMito 
(D.I, lane 2), S^Iigo (S. 1, lane 3). and M?K>!igo (MP. I. lane 4) are shown on the right. A diagram of the 
primer extension reaction is shown at the bottom. 

The above results showed that pre-mRNA hybridized with D-oligo and an alternating 
S-ohgo formed duplexes that were substrates for RNase H. However, the lack of cleavage 
of the pre-mRNA hybridized with an alternating MP-oligo either by E. coli RNase H or 
by the HeLa cell nuclear extract could have several possible explanations. Although it 
is hkely that the pre-mRNA: MP-oligo duplex may not be a substrate for RNase H it is 
also possible that 1) the alternating MP-oligo is rapidly degraded, especially in the crude 
nuclear extract, 2) it does not hybridize to pre-mRNA under the conditions of the 
experiment, or 3) it directly inhibits RNase H. A series of experiments have been performed 
to distinguish between these possibilities. 

To test the stability of the MP-oligo in the extract, the oligo was labeled with [ 32 P] using 
T4 polynucleotide kinase, incubated in the nuclear extract and analyzed on a 20% 
polyacrylamide sequencing gel. The autoradiograms of the gel were quantitated by 
densitometry (see Materials and Methods). For comparison, the stabilities of D-oligo and 
S-oligo were also tested. Of the three oligonucleotides, MP-oligo was the most stable and 
remained essentially intact for at least 70 minutes of incubation. Degradation of S-oligo 
was also slow, with approximately 50% of the material remaining at the end of incubation 
whereas D-oligo was almost completely degraded after 10 minutes (Fig. 3). 

To determine whether the MP-oligo is able to hybridize to the prenmRNA, we tested 
it in a primer extension assay (Fig. 4). All three oligonucleotides, including MP-oligo, 
generated extension products of the expected length (374 nucleotides) indicating that, 
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Figure 5. Competition assay using D-cligo *2. alternating MP-oligo *2 and LMigo # 1. 10 pmo!es of 
[ PJ-Jabeled pre-mRNA was hybridized with 0, 0.002, 0.02, 0.2 or IO.D. 260 of MP-oligo #2 followed bv 
hy&ndization with 0.002 O.D. m of Oblige n and treatment with RNase H from E. coli (lanes 4-8 
respectively). The position and structure of the RNase H cleavage products after separation on a 5% porvacrvlarnicfe 
gel are shown by the middle two diagrams on the right. To test for direct inhibition of RNase H by M^oKro 
pre-mRNA was hybridized without Oane 9) or with (lane 10) MP-oligo #2 followed by hybridization with D- 
ohgo # 1 and treatment with RNase H from E. coli. The position and structure of these RNase H deavaee 
products are shown by the top and bottom diagrams on tiie right. Below the figure is a schematic representation 
of the RNase h cleavage site for the oligonucleotides used above. 

similarly to D-oligo and S-oiigo, MP-oIigo formed a duplex with the pre-mJRNA. Additional 
faint bands seen in lane 2 result from premature termination of reverse transcription. The 
lower yield of extension products from the S-oiigo and MP-oligo duplexes as compared 
to the D-oligo duplex is probably due to the lower efficiency of the AMV reverse 
transcriptase with the modified primers, as previously observed (35). Since S-oiigo and 
MP-oligo yielded similar amounts of extension product, the resistance of the RNA -MP- 
oligo duplex to hydrolysis by RNase H (Fig. 2A, lane 9 and Fig. 2B, lane 6) was not 
due to the lack of hybridization of this oligonucleotide to the pre-rnRNA. 

To obtain additional evidence that the interaction of MP-oligo with the pre-mRNA is 
sequence specific and to show that the MP-oligo does not directly inhibit RNase H, we 
carried out a competition experiment with different D- and MP-oligos. The pre-mRNA 
was hybridized to increasing concentrations of the alternating MP-oligo complementary 
to the 5' splice site (see Fig. IB, oligo 2) followed by incubation with a normal D-oligo 
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H • described in Materia* J S^S^^^S^ ^ RNase 

and controls (Janes 1 -3) are as described in Fig 2A Zt illE^^ *qx*cmg gel. Size marker 
(D.2). Lanes 5-9, RNase H cleavage of LlcL^it^^^ ° f ' *** with " 
respectively. Diagrams are as describe ln P. g ?A 8 ^ '° SiX MM[H 9«^ 



of the same sequence. The duplexes were then treated with rn,«, w - - 

as described above AsexcecL in-wZ ^ ?T H m *e nuclear extract 

effect SSSL*^ ^ f ! XI>eriraene 1 > MMigo did not have any direct inhibitory 

cueci on XlNase H, 2) the increasing res stance of diiDlexec <^*>n ;« < 0 1 V 
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1MP.2 
2MP.2 
3MP2 
«MP.2 
BMP.? 



Figure 7. Effect of the number of MP-dcoxynucleosi<jes in oligonucleotide #2 on ihe stability of the MP-olieos 
in a nuclear extract from HeLa cells. MP-oi:gos containing one to six MP-deoxynucleosides (IMP 2-6MP 2 
respectively) were incubated in the nuclear extract from HeLa cells and analyzed as described in Fig.3. 

Since the above results showed that duplexes between pre-mRNA and alternating MP- 
oligo are resistant to RNase H we wanted determine the minimum number of 
methylphosphonate deoxynucleosides required to confer resistance to a duplex molecule 
We have synthesized a scries of 14-mer oligonucleotides, containing from one to six 
methylphosphonate dcoxynuclcosides positioned in the oligonucleotides as shown in Fig 
I (Ftg. I, oligo 2). To ascertain that the resistance to RNase H observed above is not 
due to a particular sequence or secondary structure at the oligonucleotide binding site in 
the second exon, this series was made complementary to a different reeion of the pre- 
mRNA, at the 5' splice site. These MP-oligos were hybridized to the pre-mRNA and the 
duplexes were subjected to hydrolysis by E. coli RNase H. 

RNA hybridized to MP-oligos containing one or two methylphosphonate deoxynucleosides 
was cleaved by RNase H almost as easily as that in the control duplex with D-oligo (Fig 
6 compare lane 4 with lanes 5 and 6). RNA in duplexes with MP-oligos which contained 
three, four and six methylphosphonate deoxynucleosides, i.e., in which methylphosohonat- 
bonas were separated by three, two or one phosphodiester bond (see Fig I oligo 2) was 
increasingly resistant to cleavage by the enzyme (Fig. 6, lanes 7-9 respectively) 
Interestingly, the resistance of these duplexes to RNase H hydrolysis paralleled the stability 
of the corresponding MP-oligos in the nuclear extract . MP-oligos containing one or two 
methylphosphonate deoxynucleosides were degraded rapidly and the stability of the 
oligonucleotides increased with an increased number of methylphosphonate 
deoxynucleosides m the molecule (Fig. 7) 

DISCUSSION 

Results presented above show that D-oligo. S-oiigo and MP-oligos hybridize to pre-mRNA 
m a sequence specific manner. Duplexes formed with the first two types of oligonucleotides 
are suscept.ble to cleavag e by RNase H from E. coli and from HeLa ceils. This agrees 
9202 — — - ___ 
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by RNase H cleavage of LNJigo coi[3^|™ m T.™ of temsh *>" 

■™Mer, most likely by interfering with *eliSnw£?I^l «**t«la<Me«en. 
*go ^ememary «o 5- splice si,e of fe ^ Z SSSo 

abfelohybridJto^™^rSl^!J ^ '^"^^enttaMon of the molecules 
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